ABSTRACT: Thirty-two Suffolk wether lambs were fed for 84 d in a 2 × 2 factorial experiment using two levels of dietary protein (9
Introduction
Trivalent Cr is an essential trace mineral that is involved in carbohydrate, lipid, and protein metabolism. Mertz et al. (1974) showed that Cr potentiates the effects of insulin and, therefore, improves carbohydrate metabolism, and they concluded that protein synthesis may be affected positively as well. In a study by Schroeder et al. (1963) in which rats were fed low-protein diets, Cr supplementation improved growth and survival rate. Research conducted with pigs showed that Cr tripicolinate supplementation increased loin eye area and decreased fat thickness (Page et al., 1993; Lindemann et al., 1995) as well as increasing the rate of lean and decreasing the rate of fat deposition (Boleman et al., Table 1 . Composition and chemical analysis of diets ab a Values represent the average of the two high-protein diets and the two low-protein diets for each phase. Chromium diets were obtained by replacing .1% of corn with .1% chromium premix.
b Phase I = wk 0 through wk 5; Phase II = wk 6 through termination of trial.
c Trace mineral salt provided the following per kilogram of diet: NaCl, 3.3 g; Mn, 39.8 mg; Fe, 116 mg; Cu, 11.6 1995; Mooney and Cromwell, 1995) . In addition, found that supplemental Cr seemed to improve the immune status of stressed ruminants; however, these effects are not consistent (Chang et al., 1994; Mathison and Engstrom, 1995) . The present experiment was conducted to determine the effects of supplemental Cr on aspects of lamb metabolism and immune function when lambs are fed either adequate or low-protein diets. Chromium tripicolinate was used as the Cr source because previous research has suggested that Cr is more available as an organic chelate (Evans, 1982; Page et al., 1993) .
Materials and Methods

Animals and Dietary Treatments
Spring-born weanling Suffolk wether lambs ( n = 32, average initial BW = 31 kg ± 1.2 kg) were used in this experiment. Lambs were weaned, dewormed with Tramisol (Agri Labs, St. Joseph, MO) and Valbazen (SmithKline Beecham Animal Health, West Chester, PA), and fed the control diet ( a corn-soybean mealcottonseed hull-based diet with 3% fish meal added to ensure adequate bypass protein) in individual 1.2-m × 1.8-m raised pens for 14 d before initiation of the study, which lasted 84 d. On d 0 of the study, lambs were blocked by BW and randomly assigned to one of four dietary treatments in a 2 × 2 factorial arrangement. Diets were formulated so that lambs received either 100% (control, high protein; C-HP) or 80% (control, low protein; C-LP) of their NRC CP requirements for growing lambs (without added Cr), or the same diets with 400 ppb Cr as Cr tripicolinate ( Cr-HP and Cr-LP) (Phase I). Lambs were allowed ad libitum access to feed and water. Diets were reformulated at the end of wk 5 (Phase II) to adjust for the lower CP requirements (11.6% CP, NRC, 1985) of older lambs (Table 1) . Feed samples were obtained from each batch of feed mixed for determination of DM and CP using the macro-Kjeldahl procedure (AOAC, 1990) . Actual Cr content of the basal diet was not analyzed; however, similar basal feeds used in the past in our laboratory have consistently contained < 1 ppm Cr.
Body Weights and Carcass Measurements
Lambs were weighed on d 0, 21, 35, 56, 70 , and 84 at 0800 following 16 h of feed and water deprivation. Average daily gains for Phases I and II were calculated using final weight minus the initial weight, and the gain:feed ratio was calculated using ADG divided by dry matter intake. Lambs were sheared at the beginning of the trial and again on d 65 for the determination of 65-d grease yield, clean wool yield, staple length, and fiber diameter (Sahlu et al., 1992) .
On d 70 of the trial, the heavier four lambs in each treatment group that had reached market weight were weighed and slaughtered in the Louisiana State University Department of Animal Science abattoir. The remaining lambs in each treatment group were weighed and slaughtered in a similar manner 14 d later, on d 84. Two lambs (one from the C-HP diet and one from the Cr-LP diet) were determined to be cryptorchids at slaughter, and their data were not included. The liver, heart, kidney, and pelvic fat were removed from each lamb immediately after slaughter and weighed. Hot carcass weight and specific gravity were measured on the carcasses, which were then chilled ( 2°C ) at least 24 h for determination of loineye area, midrib fat, adjusted fat, and yield grade (Kitchalong et al., 1995) . One-half of each carcass was then passed through a Weiler Grinder (model #1780-GH, Weiler & Co., Whitewater, WI) twice using a 3.8-cm screen and then a third time using a .5-cm screen. The finely ground carcass was then mixed for 5 min in a Butcher Boy (Berkel, model 150.DM, Lasar Mfg. Co., Los Angeles, CA) mixer. Subsamples ( 1 kg each) were frozen and subsequently analyzed for DM, Ash, CP, and ether extract (AOAC, 1990) .
Blood Sampling and Metabolic Challenges
Blood samples were collected via jugular venipuncture on d 0, 21, 35, and 56 immediately before weighing. Samples were collected into 7-mL evacuated blood-collecting tubes (Monoject, Sherwood Medical, St. Louis, MO) containing sodium fluoride and potassium oxalate. Immediately after collection, blood tubes were placed in an ice-bath, transported to the laboratory, and centrifuged at 1,600 × g for 20 min at 4°C (Centrifuge Model J6-HC equipped with a JS 4.2 swinging bucket rotor, Beckman Instruments, Palo Alto, CA). After centrifugation, plasma was harvested, divided into two 12-× 75-mm polystyrene tubes, capped, and stored ( −20°C ) for later analysis. Plasma was analyzed for glucose, total cholesterol, NEFA, urea N, albumin, and insulin (see below).
Epinephrine, Glucose, and Feeding Challenges. On d 43, following 16 h of feed deprivation (water was available), lambs were fitted with sterile 14G × 5.1-cm jugular vein catheters (Quick-Cath, Baxter Healthcare Corp., Deerfield, IL) and allowed to rest for 60 min. An i.v epinephrine challenge ( EPICT, 4 mg of epinephrine HCl/kg BW) was conducted, followed 3 h later by an i.v. glucose tolerance test ( IVGTT, 500 mg of glucose/kg BW; Kitchalong et al., 1995) . One lamb on the Cr-HP treatment died shortly after administration of epinephrine; however, none of the remaining lambs showed any adverse signs. Blood samples were collected at − 30, 0, 15, 30, 45, 60, 75, 90, 105, 120, 135 , and 150 min relative to dosing during the EPICT and at 0, 15, 30, 45, and 60 min relative to dosing for the IVGTT. Catheters were flushed with .5 mL of a 6% sodium citrate solution after sampling. Blood samples were analyzed for plasma glucose, NEFA, and insulin for both challenges, and plasma cortisol was also determined in the EPICT samples (see below).
For the feeding challenge, blood was collected from all lambs via jugular venipuncture on d 62 at 0700 following 16 h of feed and water deprivation. Lambs were fed and bled again 3 h after feeding. Orts were minimal and, therefore, were not collected for weighing. Blood collected during the feeding challenge was analyzed for plasma glucose, urea N, NEFA, and insulin (see below).
Chemical Analyses
Metabolite Assays. Plasma was analyzed for glucose (Method No. 315; Sigma Chemical Co., 1989), total cholesterol (Method No. 352; Sigma Chemical Co., 1990) , and albumin (Method No. 631; Sigma Chemical Co., 1991) using spectrophotometric procedures outlined in commercially available kits (Sigma Chemical Co., St. Louis, MO). Plasma urea N concentrations were determined spectrophotometrically using the urease procedure outlined by Laborde et al. (1995) , and plasma NEFA concentrations were determined using a commercial enzymatic procedure (NEFA-C Kit, ACS-ACOD Method; Wako Chemicals USA, Richmond, VA). All samples were assayed in duplicate, and measurements resulting in errors greater than 5% were reanalyzed.
Hormone Assays. Plasma insulin was assayed using a double-antibody RIA procedure described by Kitchalong et al. (1995) . Plasma cortisol was determined using validated commercial RIA procedures (ICN Kit #07-221102; ICN Biomedicals, Costa Mesa, CA) outlined in detail by Kitchalong et al. (1995) . All samples were assayed in duplicate, and measurements resulting in errors greater than 7% were reanalyzed.
Hematological and Immunological Measurements. On d 66, one-half of the lambs were bled via jugular venipuncture. The other half of the lambs were bled on d 67. Two separate blood samples from each lamb were collected into 7-mL tubes (Monoject, Sherwood Medical) containing either sodium heparin or K 3 -EDTA. Samples collected into tubes containing sodium heparin were used for the collection of peripheral blood mononuclear cells ( PBMC) for use in the proliferation assays. Blood samples collected into the tubes containing K 3 -EDTA were used for differential blood cell counting by the Louisiana State University School of Veterinary Medicine Clinical Pathology Laboratory. Peripheral blood mononuclear cells were processed according to the procedure of Keadle et al. (1993) . Peripheral blood mononuclear cells were placed into 96-well plates at a final concentration of 2 × 10 5 cells per well; quadruplicate wells were used for all samples and media controls. Peripheral blood mononuclear cells were incubated in media (RPMI-1640 supplemented with 2-mercaptoethanol, penicillin-streptomycin-glutamine, and 5% heat-inactivated fetal bovine serum; Gibco BRL, Gaithersburg, MD), with or without phytohemagglutinin ( PHA, 2 and 4 mg/mL; Sigma #L-2646) or pokeweed mitogen ( PWM, .1 and .2 mg/mL; Sigma #L-9379). Plates were incubated for 68 h at 37°C with 5% CO 2 (in air); 50 mL of media containing .5 mCi [ 3 H]thymidine was added to each well and plates were incubated for an additional 4 h and then frozen ( −20°C). Cells were harvested onto microfiber filter pads and radioactivity (counts per minute) was measured with a liquid scintillation counter.
Statistical Analyses
Data were analyzed by ANOVA (Steele and Torrie, 1980) using the GLM procedures of SAS (1985) . Final weight, as well as ADG, feed intake, and gain: feed ratio (for Phases I and II) were analyzed as a randomized block design using initial weight as blocks. Orthogonal, single degree of freedom contrasts were used to evaluate the main effects of Cr, CP, and their interactions. Metabolite data were analyzed using the Proc Mixed procedure of SAS (1994) . For the IVGTT, plasma glucose clearance rate ( k) and half-life ( t Ø ) were calculated using the interval between 15 and 30 min (Kaneko, 1989) for plasma glucose (mmol/L) concentrations above baseline values. Also, the response of plasma glucose to the IVGTT was further evaluated by computing the areaunder-the-response curve ( AUC) relative to preinfusion of glucose using trapezoidal geometry for the time period 0 to 60 min after dosing Kitchalong et al., 1995) . Plasma insulin k and t Ø were calculated using the interval between 15 and Table 2 . Effects of protein and chromium tripicolinate supplementation on production measurements in Suffolk wether lambs ab a Feeding trial lasted 84 d. b C-HP = control diet, high protein ( n = 7); C-LP = control diet, low protein ( n = 8); Cr-HP = 400 ppb chromium tripicolinate, high protein ( n = 7); Cr-LP = 400 ppb chromium tripicolinate, low protein ( n = 7).
c Pooled standard deviation. d Cr × CP effect ( P < .05). e Cr × CP effect ( P < .09). f Cr × CP effect ( P < .01). g Cr × CP effect ( P = .13). h CP effect ( P < .05). 30 min and AUC was calculated using 0 to 60 min after dosing. Hematological and lymphocyte proliferation data were analyzed using the Proc GLM procedure of SAS (1985) .
Results and Discussion
During Phase I, a Cr × CP interaction ( P < .05 and P < .09) was observed for ADG, DMI, and gain:feed ratio; Cr increased all three variables in lambs fed HP and decreased all three variables in lambs fed LP. However, no differences ( P > .10) were found by Phase II. Overall mean ADG, DMI, and gain:feed ratio were not affected ( P > .10) by Cr (Table 2) ; this is consistent with research with pigs (Page et al., 1993; Amoikon et al., 1995; Lindemann et al., 1995) , lambs (Samsell and Spears, 1989; Kitchalong et al., 1995; Forbes et al., 1998) , and calves Mathison and Engstrom, 1995) . In contrast, MoonsieShageer and Mowat (1993) did show improved ADG and DMI in calves supplemented with high-Cr yeast in a corn-silage diet, whereas Boleman et al. (1995) reported reduced ADG and DMI in pigs fed Cr tripicolinate from the growing to the finishing phase. In the present study, lambs on the LP diets grew as well (ADG = 266 g ) as lambs on the HP diets (ADG = 257 g). Walz et al. (1998) reported that lambs fed 3% fish meal in LP diets grew as well as lambs fed HP diets with no fish meal and only slightly less than lambs fed 3% fish meal in HP diets.
Carcass weight, dressing percentage, heart weight, and pelvic fat weight were not affected ( P > .10) by dietary treatment (Table 2 ). In lambs fed the HP diet, Cr reduced liver weight by 19%, but in lambs fed the LP diet, Cr did not affect liver weight (Cr × CP, P < Table 3 . Effects of protein and chromium tripicolinate supplementation on prefeeding concentrations of plasma metabolites in Suffolk wether lambs ab a Feeding trial lasted 84 d. b C-HP = control diet, high protein ( n = 7); C-LP = control diet, low protein ( n = 8); Cr-HP = 400 ppb chromium tripicolinate, high protein ( n = 7); Cr-LP = 400 ppb chromium tripicolinate, low protein ( n = 7).
c Pooled standard deviation. d CP ( P < .02), CP × week ( P < .05), Cr × CP ( P < .03), week ( P < .01), and Cr × CP × week ( P < .01) effects.
e Week ( P < .0001), Cr × CP ( P < .03), and Cr × CP × week ( P < .03) effects.
f Week ( P < .01), CP ( P < .0001), Cr × week ( P < .05). g Week ( P < .01), CP ( P < .04), and Cr × week ( P < .01) effects. .01). This finding is in agreement with the study by Boleman et al. (1995) with pigs and Kitchalong et al. (1995) with lambs. In the present experiment, kidney weight was increased 12% by Cr supplementation in lambs fed HP, with no effect ( P > .10) on heart weight, whereas Boleman et al. (1995) reported that kidney and heart weights were reduced in pigs fed Cr tripicolinate compared to controls, and Kitchalong et al. (1995) did not observe differences due to Cr supplementation. Lambs that were fed the LP diets without Cr tended to have higher amounts of midrib fat ( P = .13) than lambs in any other treatment group (Table 2) . This same general pattern occurred for adjusted fat and yield grade, which, although not significant, might suggest that the fat:lean ratio was greater in these lambs. Also, lambs that were fed the LP diets with Cr tended ( P = .13) to have larger loineye areas. Kitchalong et al. (1995) reported a decrease in fat thickness over the 10th rib as well as reduced liver weight and yield grade in wether lambs fed Cr tripicolinate, although no differences were detected for heart weight or loin-eye area. In growingfinishing pigs fed 200 mg/kg of Cr as Cr tripicolinate, Page et al. (1993) observed an increase in percentage lean and a decrease in 10th rib fat. In contrast, found no differences in carcass characteristics in steers fed a high-Cr yeast diet. Diets had no effect on 65-d grease yield (mean 640 g ± 26 g), clean wool yield (mean 384 g ± 14.8 g), or staple length (mean 2.19 cm ± .07 cm), although fiber diameter was reduced ( P < .04) in lambs fed HP (31.4 mm ± .4 mm ) compared with lambs fed LP (33.2 mm) ( Table 2) . These results cannot be explained because it would be expected that lambs fed the HP would have greater fiber diameter (Russel, 1992) .
Several plasma metabolites were measured in prefeeding (at 0 h, following 16 h of feed deprivation) samples at wk 0, 3, 5, and 8 (Table 3) . Overall plasma glucose concentrations (3.73 mmol/L) were not affected ( P > .10) by Cr supplementation or protein level; this finding agrees with Bunting et al. (1994) and Forbes et al. (1998) . Responses of cholesterol levels to Cr, however, have been variable in the past. In pigs fed Cr tripicolinate, Amoikon et al. (1995) reported increased plasma cholesterol, whereas Page et al. (1993) reported reduced levels of circulating total cholesterol in pigs, as did Bunting et al. (1994) for calves fed Cr tripicolinate. In hypercholesteremic humans, Cr supplementation has been reported to reduce total cholesterol, low density lipoprotein cholesterol, and triglyceride concentrations and increase high density lipoprotein concentrations (Press et al., 1990; Abraham et al., 1992) . In laboratory animals fed both typical and high cholesterol diets, Cr supplementation decreased total hepatic lipid content and decreased the occurrence of aortic plaques (Abraham et al., 1982a,b) . In this study, plasma total cholesterol was affected by diet in that there was a CP × week effect ( P < .05), as well as a Cr × CP × week interaction ( P < .01). Lambs fed the HP diets had higher total plasma cholesterol than lambs fed LP, and this effect was not observed until wk 5 and 8, resulting in the CP × week interaction. At wk 8, Cr increased plasma total cholesterol in lambs fed HP and decreased plasma total cholesterol in lambs fed LP, resulting in the three-way interaction.
Plasma NEFA was decreased from .35 to .31 mmol/ L when Cr was added to the HP diets. Previous results from our laboratory have shown that NEFA values have consistently decreased in lambs (Kitchalong et al., 1995; Forbes et al., 1998) and growing pigs (Amoikon et al., 1995) fed diets containing supplemental Cr. However, Bunting et al. (1994) found no significant differences in plasma NEFA levels of b C-HP = control diet, high protein ( n = 7); C-LP = control diet, low protein ( n = 8); Cr-HP = 400 ppb chromium tripicolinate, high protein ( n = 7); Cr-LP = 400 ppb chromium tripicolinate, low protein ( n = 7).
c Pooled standard deviation. d Time ( P < .0001), Cr × time ( P < .07), and CP × time ( P < .10) effects. e CP ( P < .01), Cr × CP ( P < .04), and Cr × CP × time ( P < .07) effects. calves supplemented with Cr tripicolinate. In this experiment, a Cr × CP × week ( P < . 03) interaction was observed in plasma NEFA concentrations, but, as can be seen from Table 3 , the largest differences occurred before treatments were administered. After wk 0, changes in NEFA values were minor; therefore, we believe that the interaction observed is due more to a management regimen (i.e., the lambs became accustomed to the feed and to being handled by wk 8 ) than to a true physiological response. Plasma urea N and albumin have been shown to be good indicators of N status, especially in small ruminants fed diets containing different levels of CP (Ingraham and Kappel, 1988; Gaskins et al., 1991; Laborde et al., 1995) . In this study, there was a CP effect ( P < .04) as well as a week effect ( P < .01); both urea N and albumin were higher in HP-vs LP-fed lambs and increased over time. A Cr × week interaction ( P < .05) was also observed for both urea N and albumin: urea N was higher at wk 5 but lower at wk 8 in lambs fed Cr. However, albumin was lower at wk 0 in lambs fed Cr but was not different by wk 8. These observations correspond with the adjustment of the diets at wk 5 (Phase II). No differences in serum or plasma urea N (Page et al., 1993; Bunting et al., 1994; Kitchalong et al., 1995; Forbes et al., 1998) or plasma albumin and total protein Bunting et al., 1994; Kitchalong et al., 1995; Forbes et al., 1998) or creatinine were found as a result of Cr supplementation.
Mean plasma glucose, urea N, NEFA, and insulin measurements at 0 and 3 h postprandial are shown in Table 4 . No differences ( P > .10) were found between dietary treatments for overall mean plasma glucose or insulin. However, lambs fed LP had lower ( P < .01) plasma urea N concentrations than lambs fed HP.
Supplemental Cr resulted in lower prefeeding plasma urea N in lambs fed HP and LP, but 3 h after feeding, lambs fed supplemental Cr had lower plasma urea N concentrations when fed diets containing HP but had higher plasma urea N concentrations when fed diets containing LP (Cr × CP × time, P < .07). Britton et al. (1968) reported that lambs fed molasses or Cr had increased N utilization, and this would be consistent with enhanced muscling in response to Cr supplementation as reported for pigs (Page et al., 1993) . All lambs had lower ( P < .01) plasma NEFA concentrations 3 h after feeding than after 16 h of feed deprivation. Following 16 h of feed deprivation, plasma NEFA concentrations were 50% higher in lambs fed supplemental Cr than in lambs fed diets without Cr supplementation, but 3 h after feeding, lambs fed supplemental Cr had plasma NEFA concentrations 22.6% higher than those of lambs fed diets without Cr supplementation (Cr × time, P < .04). Following 16 h of feed deprivation, lambs fed LP had plasma NEFA concentrations 30% higher than those of lambs fed HP, and 3 h after feeding lambs fed LP had plasma NEFA concentrations 45.2% lower than those of lambs fed HP (CP × time, P < .10). Kitchalong et al. (1995) reported that supplemental Cr reduced serum cholesterol and NEFA in lambs after feeding. Forbes et al. (1998) observed reduced plasma NEFA but no difference in plasma total cholesterol concentration in lambs fed diets containing Cr tripicolinate.
Results from the EPICT are depicted in Figure 1 . Plasma glucose concentration in response to the epinephrine challenge was not affected ( P > .10) by dietary CP level (Figure 1a) . Supplemental dietary Cr did not affect the initial response to epinephrine infusion; plasma glucose levels increased 15 min after [HP] of NRC requirements for CP). Each value represents a mean of seven lambs for the CHP, CrHP, and CrLP diets and a mean of eight lambs for the CLP diet. Graphs a, b, c, and d show main effects × time interactions for plasma glucose (C vs Cr; P < .10), plasma cortisol (C vs Cr; P < .03), plasma cortisol (HP vs LP; P < .01), and plasma NEFA (C vs Cr; P < .05), respectively. Graphs e and f show the three-way interactions for plasma insulin (P < .10) and plasma NEFA (P < .10). Pooled SD for glucose, cortisol, NEFA, and insulin were .6 mmol/L, 7.1 ng/mL, .2 mmol/L, and 4.9 mIU/mL, respectively. infusion of epinephrine regardless of dietary Cr level. However, lambs fed diets containing supplemental Cr had a delayed return to preinfusion levels of plasma glucose after the epinephrine challenge ( P < .10) (Figure 1a) . Initial plasma cortisol concentrations were higher ( P < .10) in lambs fed supplemental Cr than in lambs fed diets without supplemental Cr (Figure 1b) . Lambs fed supplemental Cr had only a slight rise in plasma cortisol concentration 15 min after infusion of epinephrine and a subsequent decline in plasma cortisol (Figure 1b) . In lambs fed diets without supplemental Cr, initial plasma cortisol concentrations were lower ( P < .10) than those in lambs fed supplemental Cr; however, plasma cortisol concentrations rose through 30 min after infusion of epinephrine and remained relatively static throughout the sampling period (Cr × minute, P < .03) ( Figure  1b ). Plasma cortisol concentrations were similar for lambs fed HP and those fed LP before epinephrine infusion and at 150 min after infusion (CP × minute interaction, P < .01) (Figure 1c) . The primary reason for this interaction was that lambs fed LP did not respond to epinephrine infusion, whereas lambs fed HP had increased plasma cortisol in response to epinephrine infusion (Figure 1c) . In a study by Atkinson et al. (1995) , in which they measured Table 5 . Effects of protein and chromium tripicolinate supplementation on glucose and insulin kinetics in Suffolk wether lambs administered an intravenous glucose tolerance test ab a C-HP = control diet, high protein ( n = 7); C-LP = control diet, low protein ( n = 8); Cr-HP = 400 ppb chromium tripicolinate, high protein ( n = 7); Cr-LP = 400 ppb chromium tripicolinate, low protein ( n = 7).
b Intravenous glucose tolerance test (IVGTT; 500 mg glucose/kg BW) conducted on d 43 of the trial. c Pooled standard deviation. d Cr × CP ( P < .10). e CP ( P < .09). plasma cortisol response to an ACTH challenge in sheep, no differences were found in diurnal patterns or mean daily concentrations of cortisol in heavy vs light ewes, although the cortisol response was greater in light ewes when stimulated with ACTH.
Plasma NEFA concentrations were similar initially for lambs fed diets with or without Cr and remained similar until 150 min after infusion (Cr × minute, P < .05) of epinephrine, at which time lambs fed Cr had lower NEFA levels (Figure 1d ). Although epinephrine is a powerful lipolytic catecholamine, plasma NEFA concentrations did not seem to increase after infusion of epinephrine. Chapa et al. (1996) treated goats with epinephrine HCl at 1 or 2 mg/kg BW and showed no consistent effects of epinephrine on plasma NEFA levels. Also, in this experiment, NEFA levels before infusion were already at rather high levels (.57 mmol/ L), which may have contributed to this particular response. Furthermore, as can be seen in Figure 1a , plasma glucose increased as expected immediately following infusion, verifying that the lambs were responding to the EPICT. Figures 1e and 1f show a Cr × CP × minute interaction ( P < .10) for insulin and NEFA, respectively. In all treatment groups, plasma insulin levels before infusion were similar (8.2 mIU/ mL), stayed similar through 30 min after infusion, began to diverge between 45 and 90 min, converged at 120 min, and were different again by 150 min after infusion. A somewhat similar pattern was observed for plasma NEFA: values diverged between 30 to 90 min, became similar at 120 min, and then diverged once again at 150 min after infusion. The C-LP group had the highest NEFA values and the Cr-LP group the smallest. Table 5 (and Figure 2 ) shows the kinetics for the IVGTT. In lambs fed HP, supplemental Cr decreased glucose k, whereas in lambs fed LP, supplemental Cr had no effect on glucose k (Cr × CP, P < .10). No treatment differences ( P > .10) were found for insulin k. The t Ø and AUC of plasma glucose were not affected ( P > .10) by dietary treatment. Amoikon et al. (1995) reported that supplemental Cr as Cr tripicolinate increased k and decreased the t Ø of glucose from the plasma of pigs during an IVGTT. Dietary Cr supplementation has been reported to increase glucose clearance rate in calves and lower glucose response to IVGTT in lambs (Kitchalong et al., 1995) . In contrast, other investigators have found no effect of supplemental Cr on the glucose tolerance of steers (Claeys et al., 1994) and lambs (Samsell and Spears, 1989; Fornea et al., 1994; Forbes et al., 1998) . Apparently there are other conditions that affect glucose kinetics in response to Cr supplementation. For instance, Evock-Clover et al. (1993) also reported that supplemental dietary Cr was effective in "normalizing" the plasma glucose levels of pigs injected with porcine somatotropin. Some authors have hypothesized that a "stress" must be imposed for an animal to respond to Cr supplementation (Anderson, 1994) . Ward et al. (1997) reported a differential response to Cr supplementation in plasma insulin levels in crowded pigs fed low CP diets. In the present study, although the AUC for insulin was not affected ( P > .10) by diet, insulin t Ø was greater ( P < .09) in lambs fed HP than in lambs fed LP.
Dietary treatment did not affect ( P > .10) white blood cell count ( WBC) , hemoglobin ( Hb) , hematocrit ( HCT) , mean corpuscular volume [HP] of NRC requirements for CP) using (a) phytohemagglutinin (PHA; 2 and 4 mg PHA/mL) and (b) pokeweed mitogen (PWM; .1 and .2 mg PWM/mL). Each value represents a mean of seven lambs for the CHP, CrHP, and CrLP diets and a mean of eight lambs for the CLP diet. Pooled SD in counts per minute for media, PHA, and PWM were 305, 2,535, and 1,890, respectively.
( MCV) , mean corpuscular hemoglobin ( MCH) , mean corpuscular hemoglobin concentration ( MCHC) , packed-cell volume ( PCV) , or percentage neutrophils, lymphocytes, monocytes, and eosinophils (Table 6 ). Platelets ( P < .03) and heat-precipitable protein ( HPP, P < .08) were higher in lambs fed supplemental Cr than in lambs fed diets without Cr supplementation. Lambs fed HP diets had higher red blood cell count ( RBC) when they were also fed supplemental Cr; however, lambs fed LP diets had lower RBC when they were fed supplemental Cr (Cr × CP, P < .08).
The PBMC from lambs fed HP and supplemental Cr had increased [ 3 H]thymidine incorporation when incubated with PHA at 4 mg/mL; however, PBMC from lambs fed LP had lower [ 3 H]thymidine incorporation when they were fed supplemental Cr (Cr × CP, P < .01) (Figure 3 ). Dietary treatment did not affect ( P > .10) PBMC proliferation in media or PHA at 2 mg/mL. Lambs fed supplemental Cr had lower ( P < .09) PBMC proliferation when cells were incubated with pokeweed mitogen at .2 mg/mL; a similar trend ( P = .10) was seen in PBMC incubated in .1 mg of pokeweed mitogen/mL (Figure 3 ). Other investigators have reported improvements in in vitro measures of cellular and humoral immune function (Burton et al., 1993; Moonsie-Shageer and Mowat, 1993) . and Chang et al. (1994) indicated that improvements in immune status of calves fed Cr-yeast was related to a reduction in serum cortisol. However, plasma cortisol levels were not affected by dietary Cr in the current experiment. Van Heugten and Spears (1997) found that supplementation with Cr did not affect serum cortisol levels in pigs stressed with ACTH and that no interactive effects on lymphocyte blastogenesis were observed with ACTH and Cr. reported that supplemental Cr in the form of high-Cr yeast increased serum immunoglobulin M and total immunoglobulins in calves fed diets Table 6 . Effects of protein and chromium tripicolinate supplementation on hematology in Suffolk wether lambs ab a Feeding trial lasted 84 d. b C-HP = control diet, high protein ( n = 7); C-LP = control diet, low protein ( n = 8); Cr-HP = 400 ppb chromium tripicolinate, high protein ( n = 7); Cr-LP = 400 ppb chromium tripicolinate, low protein ( n = 7).
c WBC = white blood cell count, Hb = hemoglobin, HCT = hematocrit, MCV = mean corpuscular volume, MCH = mean corpuscular hemoglobin, MCHC = mean corpuscular hemoglobin concentration, PCV = packed cell volume, PLT = platelets, HPP = heat-precipitable protein, RBC = red blood cell count.
d Standard error of mean. e Cr effect ( P < .03). f Cr effect ( P < .08). g Cr × CP ( P < .08). with soybean meal but had no effect on calves fed a urea-corn supplement.
In the current experiment, most of the carcass traits were not affected by Cr supplementation and variable responses were observed for the key energy metabolites and hormones measured. In other studies in which positive results from Cr supplementation were obtained, young, growing animals were supplemented with at least 200 ppb of an organic Cr chelate (Page et al., 1993; Boleman et al., 1995) . With regard to circulating metabolite and hormone levels, differences due to Cr have generally been seen within the first few weeks of supplementation . In this study, weanling lambs were administered Cr at twice the dose of these other studies for 84 d, more than adequate time to elicit similar responses. However, it is possible that the fish meal may have supplied enough Cr to all diets (L. A. Hammond, personal communication) such that differences in responses were not attainable. The point must be made, though, that it is not known how much of the Cr from fish meal is actually available to the animal, because it has been shown that bioavailability and biological activity vary among Cr sources (DePew, 1998) .
Implications
Chromium tripicolinate supplementation did not consistently affect lamb growth and carcass characteristics. However, there were some notable changes in selected blood metabolite and hormone measurements, particularly in relation to the interaction between supplemental chromium and dietary protein level. From the results presented herein, as well as those reported by other laboratories, it is apparent that many different factors (including dietary protein level) influence or modulate the effectiveness of dietary chromium tripicolinate supplementation in ruminant diets. These factors need to be addressed before recommendations can be made to members of the feed industry and livestock producers.
